Worldwide, ovarian cancer has a high mortality rate due to the difficulty in diagnosing early-stage disease and resistance to chemotherapy agents. Costunolide is a plant-derived sesquiterpene lactone with anti-oxidant properties. This study aimed to investigate the effects of costunolide on cell growth, apoptosis, autophagy, the production of reactive oxygen species (ROS), cleaved caspase-3, and cleaved caspase-9 on the multidrug-resistant ovarian cancer cell line, OAW42-A.
Background
Worldwide, ovarian cancer has a high mortality rate due to the difficulty in diagnosing early-stage disease and resistance to chemotherapy agents [1] . Most ovarian cancers are detected at an advanced stage when treatment requires surgery and chemotherapy [2] . Chemotherapy treatment for late-stage ovarian cancer can be ineffective and is associated with adverse side effects and there remains a lack of targets for targeted therapy [3] . The frequent relapses followed by the development of drug resistance makes it even more difficult to treat ovarian cancer, which has an increasing prevalence [4] . There is ongoing research to identify biomarkers for early detection and treatment of ovarian cancer and to develop more effective chemotherapy treatment strategies.
Plants have the capability to overcome extreme environmental conditions by synthesizing a category of metabolites often referred to as secondary metabolites [5] . These herbal metabolites have been used to treat human disease since the 19 th century [6] . Diseases such as malaria and cancer are being treated with bioactive molecules derived from plants, which have the advantage of less toxicity, and herbal medicine can be safer for human consumption [7] . Plant-derived metabolites show structural diversity and are often categorized based on their structure [8] . The diversity in the structure of the chemical scaffolds allows them to interact with cellular macromolecules such as proteins, enzymes and nucleic acids [9] . Because several plant-derived drugs, such as taxol, have been used in the treatment of cancer, there is increasing interest in identifying effective novel molecules for the development of chemotherapy for diseases including cancer [10] . Costunolide is a plant-derived sesquiterpene lactone with anti-oxidant properties, and sesquiterpene lactones have emerged as anticancer molecules that are currently undergoing clinical trials [11] . Sesquiterpene lactones have been reported to halt the growth of cancer through mechanisms that include the induction of autophagy and apoptosis [12] . Therefore, this study aimed to investigate the effects of costunolide on cell growth, apoptosis, autophagy, the production of endogenous reactive oxygen species (ROS), cleaved caspase-3, and cleaved caspase-9 on the multidrug-resistant ovarian cancer cell line, OAW42-A.
Material and Methods

Chemicals and reagents
The reagents used in this study included RNase A, Triton X-100, dimethyl and sulfoxide (DMSO), obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). All primary and secondary antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). The fluorescent probes, dichloro-dihydro-fluorescein diacetate (DCFH-DA) and 3,3'-dihexyloxacarbocyanine iodide (DiOC6), and fetal bovine serum (FBS), L-glutamine, and antibiotics were obtained from Invitrogen (Carlsbad, CA, USA).
Cell line and cell culture conditions
The OAW42-A multidrug-resistant human ovarian cancer cell line was obtained from the Cancer Research Institute of Beijing, China. The OAW42-A cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (Invitrogen, Carlsbad, CA, USA),100 μg/ml streptomycin and 100 U/ml penicillin G (Himedia Laboratories, Mumbai, India) in an incubator at 37°C with 5% CO 2 .
MTT cell viability assay
Briefly, the OAW42-A cells were seeded in 96-well plates at a density of 1×10 6 cells per well and treated with 0-200 µM of costunolide. After cell culture for 24 hours, the cells were incubated with MTT reagent for 4 h. The media was removed and the colored formazan product was solubilized with 200 µl of dimethyl sulfoxide (DMSO). The viability of the OAW42-A cells was then determined by measuring the absorbance at 570 nm.
Determination of reactive oxygen species (ROS) and mitochondrial membrane potential
The ROS and mitochondrial membrane potential levels were determined by culture of the OAW42-A cells for 24 at 37°C and treated with increasing doses (0, 12.5, 25, and 50 µM) of costunolide for 24 h. The media was decanted and the cells were treated with 5 µM of DCH-DA to assess the levels of ROS, or rhodamine 123 (Rh123) to assess the mitochondrial membrane potential by examining the cells under a laser scanning confocal microscope (BD Biosciences, Franklin Lakes, NJ, USA).
Apoptosis assays
The OAW42-A cells were grown in six-well plates (0.6×10 6 cells/well). Following an incubation period of 12 hours, the OAW42-A cells were treated with increasing concentrations of costunolide (0, 12.5, 25, and 50 µM) for 24 h at 37°C. As the cells detached, 25 μl of the cell cultures were placed onto glass slides and stained with a solution of propidium iodide (PI). The slides were then coverslipped and examined with a fluorescent microscope (BD Biosciences, Franklin Lakes, NJ, USA). Annexin-V/PI staining was used to determine the percentage of apoptotic cells, as previously described [13] 3232 
Green fluorescent protein (GFP)-LC3 transfection for the detection of autophagy
The OAW42-A cells were grown to 70% confluence and transfected with the green fluorescent protein (GFP)-LC3 plasmids using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). The transfected cells were treated with increasing concentrations of costunolide (0, 12.5, 25, and 50 µM) for 24 h and examined by fluorescence microscopy to detect autophagy.
Western blot
The OAW42-A cells were washed with ice-cold PBS and then suspended in lysis buffer at 4°C and at 95°C. The protein content of each cell extract was determined using the Bradford assay. Then, 40 µg of protein was loaded from each sample and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) before being transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were then washed with TBS and then incubated at 4°C with the primary antibodies to cleaved caspase-3, cleaved caspase-9, Bax, Bcl-2, LC3 I, LC3 II, and beclin 1. The membranes were incubated with secondary antibodies and the proteins were visualized using enhanced chemiluminescence (ECL).
Statistical analysis
The experiments were performed in triplicate and the data were shown as mean ± standard deviation (SD). Statistical analysis was performed using Student's t-test with GraphPad Prism 7 software (GraphPad Software, La Jolla, CA, USA). A P-value <0.05 was considered to be statistically significant.
Results
Costunolide inhibited the proliferation of OAW42-A ovarian cancer cells
The results of the MTT assay showed that treatment of the OAW42-A ovarian cancer cells with costunolide had an antiproliferative effect ( Figure 1A) . The MTT assay showed that cell proliferation was inhibited at concentrations of costunolide ranging from 0-320 µM. Costunolide was found to inhibit the growth of the OAW42-A cells in a concentration-dependent manner ( Figure 1B) . The IC 50 of costunolide in the OAW42-A cells was found at 25 µM.
Costunolide increased endogenous reactive oxygen species (ROS) production
The ROS levels were measured in the OAW42-A ovarian cancer cells treated with 0, 12.5, 25, and 50 µM concentrations of costunolide. Treatment with costunolide resulted in increased production of ROS a a costunolide concentration-dependent manner (Figure 2 ). 
Costunolide reduced the mitochondrial membrane potential of OAW42-A cells
The production of ROS is associated with reduced mitochondrial membrane potential. Therefore, the mitochondrial membrane potential levels were also determined in the OAW42-A ovarian cancer cells treated with 0, 12.5, 25, and 50 µM concentrations of costunolide. Costunolide treatment reduced mitochondrial membrane potential levels in a concentration-dependent manner (Figure 3 ).
Costunolide increased apoptosis of OAW42-A cells
The apoptosis in the costunolide treated OAW42-A cells was determined by propidium iodide (PI) staining. The percentage of the apoptotic cells significantly increased with increasing concentration of costunolide (Figure 4) . The percentage of the apoptotic cells was determined using Annexin-V/PI staining, which showed that costunolide increased apoptotic cells from 2.44% in the controls to 34.52% with 50 µM of costunolide ( Figure 5 ).
Apoptosis of the costunolide-treated OAW42-A cells was further investigated by examining the levels of apoptosis-related proteins by Western blot, which showed that costunolide upregulated the expression of cleaved caspase-3 and cleaved caspase-9 in a concentration-dependent manner. The expression level of Bax was increased while as that of Bcl-2 was decreased following costunolide treatment of OAW42-A cells ( Figure 6 ).
Costunolide induced autophagy in OAW42-A cells
Transfection with green fluorescent protein (GFP)-LC3 of the OAW42-A cells was performed to examine cell autophagy. Costunolide treatment caused inhibition of LC3II expression as shown by a decrease in the number of green fluorescent dots in the costunolide-treated OAW42-A cells (Figure 7) . The induction of autophagy in OAW42-A ovarian cancer cells following costunolide treatment was further confirmed by Western blot, which showed increased protein expression of LC3 II and beclin 1. However, the expression of the LC3 I remained unchanged ( Figure 8 ). 
Discussion
Worldwide, ovarian cancer is one of the most common types of gynecological malignancy [14] . The late diagnosis of ovarian carcinoma and the adverse effects of the treatment strategies used for treatment are the main obstacles to treatment [15] . Plant-based compounds have received increasing attention as potential anticancer agents that have improved safety profiles, and their use has begun to be investigated in the treatment of ovarian cancer [16] . In the present study, the anticancer effects of costunolide, a plant-derived sesquiterpene lactone with anti-oxidant properties, were studied in the multidrug resistant ovarian cancer cell line, OAW42-A. The findings showed that costunolide exerted dose-dependent inhibitory effects on the growth of OAW42-A cells. These results are consistent with the findings from previously published studies that have shown that sesquiterpene lactones have the ability to suppress the growth of cancer cells [17] , and specifically, that costunolide suppressed the growth of different types of cancer cells [18] .
Another sesquiterpene lactone, britannin, has previously been reported to inhibit cell proliferation, induce apoptosis, and reduce the levels of reactive oxygen species (ROS) in breast cancer cells in vitro [19] . In the current study, costunolide treatment significantly increased the levels of ROS and reduced the OAW42-A cell mitochondrial membrane potential. Because apoptosis has a vital role in the elimination of cancer cells and maintains tissue homeostasis, and costunolide has been previously been shown to increase apoptotic cell death in the prostate and platinum-resistant ovarian cancer cells [20, 21] , propidium iodide (PI) staining of the costunolide-treated OAW42-A cells was used in this study. The findings showed that costunolide increased apoptosis in OAW42-A cells. Also, costunolide increased the expression of cleaved caspase-3, cleaved caspase-9, and Bax and reduced the expression of Bcl-2.
Previous studies have shown that sesquiterpene lactones, such as helenalin, induce autophagy in cancer cells [22] . In the present study, the OAW42-A cells were transfected with green fluorescent protein (GFP)-LC3 for the detection of autophagy and costunolide treatment increased the expression of LC3 as shown by green fluorescence in the OAW42-A cells. Also, Western blot analysis showed that costunolide increased the expression of LC3 II and beclin 1, which are markers of autophagy.
Conclusions
Costunolide, a sesquiterpene lactone, is a plant-based compound that has anticancer properties. The findings of this study showed that costunolide inhibited growth, apoptosis, the generation of reactive oxygen species (ROS), and was associated with loss of mitochondrial membrane potential of OAW42-A multidrug resistant ovarian cancer cells in vitro. The anticancer effects of costunolide were mediated by inducing cell autophagy and apoptosis. The findings from this preliminary study support the need for further studies to determine the potential role for costunolide in the treatment of ovarian cancer.
